Neurons in the dorsal root ganglia (DRG) are composed of a variety of sensory modalities, three of which are pain-sensing nociceptors, temperature-sensing thermoceptors, and itchsensing pruriceptors. All these neurons are emerged from a common pool of embryonic DRG neurons that are marked by the expression of the neurotrophin receptor TrkA. Here we discuss how intrinsic transcription factors interface with targetderived signals to specify these functionally distinct sensory neurons. We will also discuss how this control mechanism provides a developmental perspective for the coding of somatic sensations.
Introduction
Somatic sensory neurons in dorsal root ganglia (DRG) transmit sensory information from the skin, bones, muscles, and visceral organs. These neurons are classified into several major subtypes, including (i) proprioceptors that sense body positions, (ii) low threshold mechanoreceptors that sense touch, pressure, and vibration, (iii) thermoceptors that respond to innocuous cold or warm temperatures, (iv) nociceptors that respond to pain-inducing high threshold stimuli, and (v) pruriceptors that respond to itch-inducing compounds. Each of these major sensory modalities represents a heterogeneous population of neurons. For example, different classes of nociceptors can be distinguished by differential responses to noxious mechanical, thermal, or chemical stimuli [1] .
Studies in the past century have suggested that the perception of specific somatic sensory modalities might be best explained by the population-coding (also called selectivity) hypothesis [2] . This hypothesis is composed of the following two features. First, each sensory modality is processed along a specific sensory circuit or labeled line, from the skin all the way to the brain. The existence of such labeled lines was suggested by a series of experiments carried out by Blix, Goldscheider, and Donaldson from 1882 to1885, and later by von Frey [3, 4] . They observed that there are specific spots on the human skin whose activation evokes a specific sensation: cool, warm, touch, pain, or itch. Modern molecular biology studies have led to the identification of sensory channels and receptors that are activated by specific thermal and/or chemical stimuli [1] . Most recently, cell ablation experiments have revealed a group of spinal cord neurons dedicated to itch sensation, providing a strong support for the existence of specific sensory labeled lines [5] . Second, a given sensory stimulus often activates multiple labeled lines; as a result, the coding of somatic sensation involves with a crosstalk between labeled lines [2] . For example, innocuous cold is able to activate both coolsensing and pain-sensing sensory fibers, but pain can be masked by the activation of the cool labeled line, thereby leading to a pure cool sensation [2, 4] .
Key questions in the sensory neuron development field include the followings. How are specific labeled lines assembled? How could a given sensory receptor be associated with multiple sensory labeled lines? What are the mechanisms that lead to polymodal nature of many sensory neurons? Several recent reviews have extensively discussed the development of proprioceptors and sensorimotor circuits [6] [7] [8] . Here we will focus on the development of thermoreceptors, nociceptors, and pruriceptors.
Genesis of sensory neurons
Sensory neurons in DRG are formed from the neural crest cells (NCCs) that migrate out of the dorsal neural tube [6] . The segregation of major classes of sensory neurons, such as proprioceptors/mechanoreceptors versus thermoceptors/nociceptors/pruriceptors can be traced to the very beginning of sensory neurogenesis (Figure 1a ) [6] . The first wave of neurogenesis gives rise to large myelinated DRG neurons (referred to as Ab-fiber neurons), including (i) proprioceptors that are marked by the expression of TrkC (the receptor for the neurotrophin 3 or NT-3) [6] and (ii) mechanoreceptors that are marked by the expression of TrkB (the receptor for the brain-derived growth factor or BDNF) or Ret (the receptor for the glial-derived growth factor or GDNF family of neurotrophin factors) [6, [9] [10] [11] . The second and third waves of neurogenesis give rise to non-myelinated or thinly myelinated DRG neurons (referred to as C-fiber and Ad-fiber neurons, respectively), all of which are initially marked by the expression of TrkA (the receptor for the nerve growth factor or NGF) [6] ; these late-born neurons will become nociceptors, thermoceptors, pruriceptors, and C-fiber low threshold mechanoreceptors or C-mechanoreceptors (Figure 1a ).
Genetic studies show that sensory neurogenesis is controlled by two related proneural genes, Neurog1 and Neurog2, as indicated by a complete loss of DRG neurons in mice lacking both Neurog1 and Neurog2 [12] . although a small subset of TrkA + neurons is still formed in thoracic and lumbar DRG [12] . These studies suggest that formation of proprioceptors and large mechanoreceptors largely depends on Neurog2, with a minor contribution from Neurog1 + precursors. Conversely, formation of TrkA + neurons completely depends on Neurog1 in trigeminal ganglia and cervical DRG, but on both Neurog1 and Neurog2 in more caudal DRG (Figure 1a ).
While the proneural activity of Neurog1/2 is essential for the genesis of sensory neurons, these early differentiation programs are switched off as newly born sensory neurons undergo terminal differentiation. This transition is controlled by two homeobox class transcription factors, Brn3a and Islet1, which are expressed in all sensory neurons and are required to suppress the expression of Neurog1/2 and their immediate downstream targets [13, 14 ]. Brn3a and/ or Islet1 are additionally required to suppress molecular programs that normally belong to the dorsal spinal cord, or cardiac and cranial mesodermal tissues [13, 14 ], further indicating a critical role of Brn3a and Islet1 in establishing sensory neuron identity. In the remaining part of this review, we will discuss how embryonic TrkA + neurons will progressively segregate into a heterogeneous group of sensory neurons involved in sensing pain, itch, temperature, and touch.
Segregation of TrkA
+ peptidergic versus Ret + non-peptidergic neurons Sensory neurons involved in sensing pain, temperature, and itch are classically divided into two major subtypes: peptidergic and non-peptidergic ( Figure 1b) . In adult mice, most peptidergic neurons are marked by the expression of TrkA as well as by the expression of classic neuropeptides such as calcitonin gene-related peptide (CGRP) and substance P (SP) [1, 15] . Non-peptidergic neurons express Ret, a subset of which can be labeled by the isolectin B4 (IB4) [1, 15] . Anatomically, non-peptidergic neurons preferentially innervate the skin, whereas peptidergic fibers project to most parts of the body. Centrally, peptidergic and non-peptidergic fibers terminate in distinct lamina in the dorsal horn of the spinal cord (Figure 1b ), thereby forming two distinct sensory pathways [1, 15] .
Both TrkA + peptidergic and Ret + non-peptidergic neurons develop from embryonic TrkA + neurons, and the segregation occurs during perinatal and postnatal development [16, 17] (Figure 1c ). Several studies show that a dynamic expression of Runx1 is crucial for the segregation of these two populations of sensory neurons [18 ,19 ,20 ,21] . Runx1 belongs to a family of runt domain-containing transcription factors. Within DRG, expression of Runx1 is confined exclusively to $90% of TrkA-expressing neurons at early embryonic stage, and its expression is initiated soon after the onset of ]. Furthermore, a genetic prevention of Runx1 down-regulation leads to a complete loss of TrkA expression and a marked reduction of CGRP, suggesting that Runx1 extinction is a prerequisite for the establishment of peptidergic sensory neurons [20 ,21] .
How does Runx1 suppress TrkA expression in Ret + nonpeptidergic neurons? Luo et al. suggests a feed-forward control mechanism [25 ] . They made a conditional knockout of Ret in sensory precursors and found that a loss of Ret leads to delayed extinction of TrkA expression, although they were unable to examine TrkA expression after postnatal day 14 (P14) due to early lethality of these mice [25 ] . In other words, Runx1 may first activate Ret, and Ret-mediated signaling subsequently suppresses TrkA (Figure 2 ). However, this feed-forward control mechanism was disputed by a recent study [26] . Golden et al. made a Ret conditional knockout by using the Nav1.8-Cre mice to remove Ret in nociceptors at perinatal stage [26] . These mice are viable, and it was found that TrkA expression is still extinguished in prospective non-peptidergic nociceptors, suggesting that Ret signaling after perinatal stages is dispensable for TrkA extinction. How are these conflicting observations reconciled? One possibility is that Ret activity operating at earlier embryonic stages (before Ret removal by Nav1.8-Cre at perinatal stage) is required to establish a competent state for subsequent down-regulation of TrkA expression. As a result, TrkA extinction is delayed in early Ret knockout mice, but not affected in late knockouts.
How is Runx1 expression prevented or extinguished in peptidergic neurons? Earlier studies suggest that Bone Morphogenetic Protein (BMP)-mediated signaling might be crucial for peptidergic differentiation [27] . However, neither Runx1 extinction nor peptidergic differentiation is affected in conditional knockout mice in which Smad4, a key component of the BMP signaling, was removed in nociceptors at perinatal stage (by crossing Smad4 conditional null mice with Nav1.8-Cre mice) [28 ] . This finding suggests the existence of BMP-independent pathways in controlling peptidergic differentiation, although it has not yet been ruled out that Smad4-independent BMP signaling or BMP signaling operating at early embryonic stages may control peptidergic differentiation [28 ] . Most recently, Gascon et al. made a key breakthrough in addressing this question, by revealing an essential role of Met, a receptor tyrosine kinase that binds to the hepatocyte growth factor (HGF), in synergy with TrkA, in controlling Runx1 extinction in a subset of peptidergic neurons (Figure 2 ) [29 ] .
Gascon et al. found that TrkA + ;CGRP + peptidergic neurons could be generated from different lineages (Figure 2 ). The first group expresses neither Met nor Ret, and emerges during early embryonic development (around E14.5-E16.5). Most probably, these early peptidergic neurons develop from $10% of TrkA + neurons that do not express Runx1 at E14.5 [18 ] . Since Runx1 expression is eliminated completely in Neurog1 mutant mice [20 ] , those Runx1-negative TrkA + neurons that are observed in thoracic/lumbar DRG in these mutant mice must be derived from Neurog2 + precursors, although a subset of these early peptidergic neurons could develop from Neurog1 + precursors that undergo rapid extinction of Runx1 expression (Figure 2) . The second group of peptidergic neurons is marked by the expression of Met. In these neurons, Met, in synergy with TrkA, is required for Runx1 extinction (Figure 2) . In Met conditional knockout mice (by crossing Met conditional null mice with Nestin-cre mice), prospective Met + neurons retain Runx1 expression, which in turn leads to impaired peptidergic differentiation, as indicated by a loss of CGRP expression in this specific subpopulation [29 ] . Conversely, Runx1 is required to suppress Met expression in non-peptidergic neurons [29 ] . Thus, Met and Runx1 act as opposing genetic switches in establishing a non-peptidergic versus a peptidergic sensory neuron cell fate (Figure 2) . The third group of peptidergic neurons co-expresses TrkA and Ret, but not Met, although it is not known if these neurons transiently express Met (Figure 2 
Specification of sensory modalities
Individual sensory modalities are partly defined by the expression of sensory channels and receptors that allow them to respond to specific stimuli. In the past two decades, great achievement has been made in identifying such channels and receptors [1] . Examples include ATPgated P2X class ion channels such as P2X 3 , transient receptor potential (TRP) ion channels (such as TRPV1, TRPA1, and TRPM8), and a dozen of Mrgpr class of Gprotein coupled receptors or GPCRs (such as Mrgprd, Mrgpra3, and Mrgprb4) [1, 15] . These channels and receptors are associated with a cohort of functionally distinct sensory neurons ( Figure 3 ) [1, 15] . TRPV1 responds to heat, proton, toxins, and the main chili pepper ingredient capsaicin [1] . TRPA1 responds to a range of chemical irritants and possibly to noxious cold as well, although the latter function remains controversial [1, 30] . Mrgprd + neurons are polymodal nociceptors that respond to noxious mechanical stimuli and heat [31, 32] . Mrgpra3 + neurons function as pruriceptors and are required to sense itch evoked by chloroquine, a compound used to treat malaria but often causing itch side effects in human patients [33] . Mrgprb4 + neurons innervate exclusively the hairy skin and are speculated to function as low threshold C-fiber mechanoreceptors that might be involved in sensing pleasant touch [34] .
There are other notable features of these sensory channels and receptors. First, while some of them are expressed exclusively in non-peptidergic neurons (such as Mrgprd and Mrgprb4) [31, 34] or peptidergic neurons (such as high level of TRPA1 expression) [35] , many others such as TRPM8 are expressed in both peptidergic and non-peptidergic neurons [36] . Second, expression of an individual channel or receptor can be specific for a single sensory modality (such as Mrgpra3 for chloroquineinduced itch) [33] , but more often is associated with multiple sensory modalities (such as TRPM8 and TRPV1) [2] . For example, TRPM8 + cold-sensitive neurons are divided into two subtypes: Ad-fiber neurons for cool sensation and C-fiber neurons probably for pain sensation [2] . Similarly, TRPV1 + neurons can be divided into pain-sensing and itch-sensing subpopulations [37] [38] [39] . Third, many sensory neurons are polymodal, by expressing multiple sensory channels and receptors. For example, a subset of TRPA1 + neurons and TRPM8 + neurons co-expresses TRPV1 [36,40 ,41,42] . Finally, sensory channels and receptors often show dynamic expression patterns during perinatal and postnatal development (Figure 3a and b) [40 ,42] . For example, TRPV1 is expressed broadly in embryonic TrkA + neurons, and then progressively restricted to a small subset of DRG neurons (Figure 3a) . Consistently, all TRPM8 + cold-sensitive neurons and TRPA1 + neurons initially respond to capsaicin, but a subset of them subsequently loses this responsiveness [40 ] (Figure 3a) . Furthermore, TRPA1 expression in IB4
À and IB4 + neurons emerges at P0 and P14, respectively [40 ] .
In the past several years, significant progresses have been made in understanding how such dynamic expression patterns of sensory receptors/channels are established during development. First of all, a series of transcription factors have been identified that play a pivotal role. Islet1, which is expressed in all DRG neurons, is required to set up the broad expression of TRPV1 in embryonic TrkA + neurons [14 ] . Runx1, which is initially expressed in most TrkA + neurons, coordinates the expression of a variety of sensory channels and receptors, including P2X 3 , TRPA1, TRPM8, the Mrgpr family of GPCRs, the sodium channel Nav1.9, and many others [18 ,21] . Brn3a is necessary for the expression of Runx1, thereby controlling many Runx1-dependent genes [43 ] . Additionally Brn3a controls Runx1-independent genes, such as the acid-sensing ion channel ASIC3 [43 ] . It should be noted that while Islet1 is required for both high (TRPV1 high ) and low levels of TRPV1 expression, Runx1 is required selectively to establish TRPV1 high expression [14 ,18 ,21] , Progressive segregation of sensory modalities controlled by dynamic expression and dual activator/repressor activity of Runx1. Runx1 is a constitutive activator for Mrgprd, and Mrgprd expression is confined to Runx1-persistent neurons. Runx1 first acts as an activator for Mrgprc11, Mrgpra3, and Mrgprb4, but becomes a repressor at later stages; as a result, these genes can only be sustained in Runx1-transient neurons. The segregation of Mrgpra3 + and Mrgprb4 + neurons is further controlled by a selective involvement of Smad4-mediated BMP signaling in controlling Mrgprb4 expression (see also c). (c) Roles of target-derived signaling in regulating the expression of sensory channels and receptors. Note that expression of individual channels or receptors is dependent on specific combination of signaling pathways. 'TRPA1(h)' means high level of TRPA1 expression. 'Ret(*)' means that Ret is dispensable for Mrgprd expression, but essential for Mrgprd + neurons to innervate the skin epidermis [25 ] . The percentages of DRG neurons expressing these channels/ receptors are also shown.
providing an explanation why elevated TRPV1 expression is progressively confined to a small subset of DRG neurons. Conversely, while TRPM8 expression is entirely dependent on Runx1 and Brn3a, Islet1 is only required for the expression of a portion of TRPM8 [14 ,18 ,43 ] . It is, however, not known if Islet1 and Runx1 act in combination to control TRPM8 expression; nor is known if Islet1-dependent TRPM8 + neurons correspond to cool-sensing Ad-fiber neurons or pain-sensing C-fiber neurons. These studies suggest that Runx1, Brn3a, and Islet1 coordinate the development of painsensing nociceptors (such as Mrgprd How could Runx1, Brn3a, and Islet1, which are broadly expressed in embryonic TrkA + sensory neurons, be able to specify a range of functionally distinct sensory neurons that are marked by non-overlapping or partially overlapping expression of sensory channels and receptors? Runx1 can act both as a transcriptional activator and as a repressor. It was further reported that Runx1 can switch from an activator to a repressor in regulating the same set of genes at different developmental stages [28 ] . This switch, combined with its persistent and transient expression in different populations of DRG neurons, provides one way for this single transcription factor to control the segregation of functionally distinct neurons, such as pain-sensing Mrgprd + polymodal nociceptors versus Mrgrpa3 + pruriceptors, with the latter one also co-expressing Mrgprc11 [28 ] (Figure 3b) . Initially, Mrgprd and Mrgprc11 are co-expressed in a large group of embryonic DRG neurons. However, at perinatal or postnatal stages, while Runx1 acts as a genetically constitutive activator for Mrgprd, it switches from a genetic activator to a repressor in regulating the expression of Mrgprc11, Mrgpra3, and Mrgprb4. As a result, Mrgprd expression can only be sustained in neurons with persistent Runx1 expression, whereas expression of Mrgprc11, Mrgrpa3, and Mrgprb4 can only be maintained in neurons with transient Runx1 expression (Figure 3b ). The Runx1 repression activity is dependent on a c-terminal repression domain that binds to the Groucho co-repressor complex [28 ] . Removal of this domain results in an expansion of Mrgprc11, Mrgrpa3, and Mrgprb4 expression to Mrgprd + neurons [28 ] . Conversely, a constitutive Runx1 expression in DRG neurons leads to a paradoxical loss of expression of Mrgprc11, Mrgrpa3, and Mrgprb4 [21] . Thus, dual activator/repressor activity plus dynamic expression of Runx1 provide an elegant way to control the segregation of functionally distinct sensory neurons (Figure 3b ).
The next question is to understand how the dynamic activity and expression of these broadly distributed transcription factors are controlled. It should be noted that the expression of sensory channels and receptors is often established and refined at perinatal or postnatal stages, when axons have reached the peripheral targets [15] . Furthermore, genetic axon marking studies show that several Runx1-dependent genes, such as Mrgprd and Mrgprb4, are expressed in neurons innervating exclusively the skin epidermis and the hairy skin, respectively [31, 34] . Based on this, target-specific signals could play an important role in regulating the expression and/or activity of intrinsic transcription factors. Indeed, several recent studies have revealed multiple signals in establishing the expression of Runx1-dependent genes (Figure 3c ). First, TrkA signaling, which is required for axons to reach peripheral targets, is required for the expression of most Runx1-dependent genes [25 ] . Second, Ret-mediated signaling is required for the expression of a subset of Runx1-dependent gene, such as TRPA1, Mrgpra3, and Mrgprb4 [25 ] . Ret is dispensable for Mrgprd expression, but is essential for Mrgprd + neurons to innervate the skin epidermis [28 ] . Third, Met signaling is required for the expression of a portion of TRPA1 and TRPV1
high [29 ] . Finally, Smad4-dependent BMP signaling is required selectively for the expression of Mrgprb4 [28 ] . Notably, expression of different sensory channels and receptors is dependent on a distinct combination of signaling pathways (Figure 3c) . However, future studies are needed to determine how exactly target-derived signals interface with broadly distributed transcription factors such as Runx1, Islet1, and Brn3a to control the expression of sensory channels and receptors in a specific subset of DRG neurons.
Assembly of specific sensory circuits or labeled lines
The coding of somatic sensation is most probably explained by the population-coding hypothesis, which highlights the existence of specific neural circuits or labeled lines that are specialized to transduce specific sensory modalities. The assembly of these labeled lines demands a coordination between (i) the expression of a specific sensory receptor in a specific group of sensory neurons and (ii) the ability of these neurons to make synaptic connections with a specific population of neurons in the dorsal spinal cord. To date, we know very little about how this coordination is achieved. One potential mechanism is that intrinsic transcription factors combined with specific target-derived signals may control the expression of both sensory channels/receptors and molecules involved in controlling axon targeting and synaptic connections. Support for this hypothesis includes the finding that Runx1 controls both the molecular identity of IB4 + non-peptidergic neurons and the innervation of these neurons to a specific dorsal horn lamina [18 ] .
Implications on sensory coding
Specification of nociceptors, thermoceptors, and pruriceptors is controlled by both (i) intrinsic transcription factors that are expressed broadly in embryonic TrkA + neurons and (ii) target-derived signals that probably act to modulate the expression and/or activity of intrinsic transcription factors. This control mechanism may provide a developmental perspective for the coding of somatic sensations. First, the finding that Runx1 controls both expression of channels/receptors in sensory neurons and central projections of these neurons may provide a foundation for the assembly of specific sensory labeled lines. Second, the fact that the same intrinsic transcription factors such as Runx1, Brn3a, and Islet1 coordinate the development of a large cohort of functionally distinct sensory neurons may have the following consequences. Firstly, a given sensory receptor could be activated in neurons associated with distinct labeled lines. For examples, TRPV1 is expressed in both pain-sensing and itch-sensing neurons, and TRPM8 is expressed in Ad-fiber cool-sensing neurons and C-fiber pain-sensing neurons. Secondly, multiple receptors could be expressed in the same neuron, thereby forming a basis for the polymodal nature of many DRG neurons. For example, TRPV1 and TRPM8 are co-expressed in a subset of cold-sensitive TRPM8 + neurons. Consequently, TRPM8 is associated with both Ad cool-sensing fibers that express only TRPM8 and pain-sensing C-fibers that probably co-express TRPM8 and TRPV1. As a result, a salient feature of somatic sensory coding emerges: the responsiveness of a sensory fiber to a particular stimulus (such as innocuous cold) does not necessarily predict the sensory modality associated with this fiber (can be either cool or pain). Rather, the emergence of a specific sensation evoked by a stimulus (such as cool by innocuous cold) is involved with a crosstalk between distinct labeled lines in the central nervous system (such as a dominant suppression of pain by cool) [2] . Third, the involvement of targetderived signals in controlling the expression of sensory channels and receptors may explain why adult sensory neurons can undergo a wide range of phenotypic changes under pathological conditions, such as inflammation and nerve injuries, when sensory neurons are exposed to new environmental signals. Such plasticity may form a basis for the development of chronic inflammatory and neuropathic pain [1, 15] . In this sense, two lines of research in the sensory neuron field: neural development and sensory coding can in fact meet and talk. 
